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Edited by Lukas HuberAbstract The mammalian lens consists of an aged core of qui-
escent cells enveloped by layers of mature fully elongated cells
and younger, continuously elongating transcriptionally active
cells. The ﬁber cell maturation is initiated when ﬁber cells cease
to elongate. The process of maturation represents a radical
switch from active elongation to a life-long quiescence and has
not been studied previously. It may also include critical stages
of preparation for the organelle removal and denucleation. In
the present study, we used laser capture microdisection (LCM)
microdissection and RNA ampliﬁcation to compare global gene
expression proﬁles of young elongating and mature, non-elongat-
ing ﬁber cells. Analysis of microarray data from three indepen-
dent dye-swap experiments identiﬁed 65 diﬀerentially expressed
genes (FDR < 0.1) with greater than 2-fold change in expression
levels. Microarray array results for a group of randomly selected
genes were conﬁrmed by quantitative RT-PCR. These micro-
array results provide clues to understanding the molecular path-
ways underlying lens development. The identiﬁed changes in the
proﬁle of gene expression reﬂected a shift in cell physiology char-
acterizing the lens ﬁber maturation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The lens of the eye has become an important model system
for studies of fundamental biological processes, such as cellu-
lar diﬀerentiation and aging. The lens tissue is composed of
the tightly packed mass of ﬁber cells enveloped by a monolayer
of epithelial cells on the anterior side. Lens ﬁbers are ribbon-
like cells that diﬀerentiate continuously from the lens epithe-
lium throughout life [1]. This diﬀerentiation requires dramatic
changes in shape, length, volume, protein content and removal
of the organelle complement leading to an increase in transpar-
ency of the mature ﬁbers in the core of the lens [2]. The diﬀer-Abbreviations: LCM, laser capture microdisection
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ﬁrst, the cells diﬀerentiate from the lens epithelium in order
to begin elongation [3,4] and second, after elongation is
accomplished the deeply buried ﬁbers eliminate organelles
and convert to quiescence [5]. More subtle changes occur be-
tween these intense phases, including ﬁber cell maturation,
which coincides temporally with a true syncytium formation
in the core of the lens [6,7]. The maturation phase represents
a radical switch from active elongation to a life-long quies-
cence. Although this phase includes critical stages of cell prep-
aration for the organelle removal and denucleation,
accumulation of crystrallins and cell fusion, it has not been
previously explored. Investigations of the molecular events of
the ﬁrst diﬀerentiation event have been facilitated by the super-
ﬁcial location of the transforming cells and the availability of a
lens epithelium cell culture model [8,9]. In contrast, studies of
the second diﬀerentiation phase occurring in the deeper layers
of the tissue are more challenging, in part due to the lack of an
appropriate cell culture model [8–10]. These obstacles also
complicate the use of microarray transcriptional proﬁling,
which has been so far restricted to sampling the whole lenses
[11,12] or epithelial cell explants [13–15] at diﬀerent ages. Di-
rect gene expression proﬁling of the deeper layers of the lens
has been impossible for two main reasons: (1) lack of diﬀeren-
tiation-speciﬁc in vivo labeling that would allow dividing a fea-
tureless mass of maturing ﬁbers into fractions with distinct
diﬀerentiation status and (2) lack of a precise microdissection
technique. Such precise diﬀerentiation-speciﬁc partitioning
has become possible only recently because of the generation
of several novel GFP-expressing mouse models [16] and devel-
opment of the LCM technique [17,18]. Lenses of
TgN(GFPU)5Nagy mice possess ‘‘variegated’’ mosaic GFP
labeling outside the syncytium, which allows the separation
of ‘‘variegated’’ elongating cells from uniformly labeled matur-
ing cells. Also, recent advances in linear RNA ampliﬁcation
methods [19,20] ensured reliable preparation of RNA probes
from ultra-small samples generated by LCM. The combination
of these technical innovations has made it possible to perform
direct transcriptional proﬁling of LCM-dissected lens ﬁbers
[21,22].
In this work, we sought to compare global gene expression
in fully elongated, maturing ﬁber cells in the syncytium, with
younger, actively elongating cells derived from the region out-
side the syncytium borders. To identify molecular pathways
associated with lens diﬀerentiation, we characterized changesblished by Elsevier B.V. All rights reserved.
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tightly spaced lens regions.2. Materials and methods
2.1. Animals
Mice were housed in animal care facilities according to NIH guide-
lines (NIH Publication No. 86-23, 1985) and University of Miami IA-
CUC approved protocols. All experiments were performed in
compliance with the ARVO statement for use of animals in ophthalmic
and vision research. The transgenic mouse strain used in this study
TgN(GFPU)5Nagy (Jackson Laboratory, Bar Harbor, ME, originally
generated in the laboratory of Andras Nagy [16]) express GFP ubiqui-
tously and has no detectable lens abnormalities. Mouse lenses at P5
possess ﬁber cells at all stages of diﬀerentiation; in addition they are
signiﬁcantly easier to process for high quality microscopy and LCM
samples then more aged ones. Animals were euthanized by CO2 inha-
lation according to the IACUC approved protocol.
2.2. Tissue ﬁxation and preparation
Lenses were removed and immediately ﬁxed using 4% paraformalde-
hide/PBS or methanol-based UMFIX reagent (Sakura Finetek USA,
Inc.). To map the exact location of both elongating and maturing ﬁ-
bers on the lens slices, 4% paraformaldehide/PBS ﬁxed lenses wereFig. 1. Maturing and young ﬁbers were discriminated in the
TgN(GFPU5)Nagy mouse lenses using contrasting GFP labeling
patterns (A). Mature ﬁbers (Mt) were localized within the region of
uniform GFP labeling, whereas young (Yg) ﬁbers localized exclusively
to the variegated region at the lens periphery. Paraﬃn sections of P5
lenses were microdissected by LCM using measurements performed on
the contralateral eye (red and blue arrows correspond to the inner
borders of the maturing and young ﬁbers) (B). Cells cut from each of
the two regions were collected. Bar is 50 mkm.vibratome-sliced (Vibratome 1000, St. Louis, MO) as described previ-
ously [23] and the GFP expression pattern was captured by confocal
microscopy. For RNA extraction, lens UMFIX-ﬁxed tissue was sliced
into 5 lm-thick paraﬃn sections and microdissected using LCM (Leica
Microsystems, Bannockburn, IL). The mid-saggital slices were used
both for syncytium border measurements and for LCM. Control mea-
surements conﬁrmed that similar rates of shrinkage in paraformalde-
hyde- and UMFIX-ﬁxed samples did not aﬀect the precision of
LCM dissection (data not shown).
Fiber cell samples were dissected out of 5 lm-thick slices. In one
experiment we typically processed about 40 slices pooled from P5 lit-
termate lenses, which was suﬃcient to collect the minimum of 200
zone-speciﬁc cells. This sample size provided a reliable representation
of RNA species in experimental procedures originally designed and
tested for only 1–10 cells [21,22,24].
2.3. Microscopy
Lenses were ﬁxed in 4% paraformaldehyde/PBS and sectioned with a
vibratome as described previously [25]. Localization of the syncytium
border deﬁned by the abrupt change of GFP labeling pattern was cap-
tured by confocal microscopy as described previously [23]. In brief,
GFP ﬂuorescence was visualized using an LSM510 instrument (Carl
Zeiss, NY) equipped with an argon laser at 488 nm excitation and a
515–565 nm band pass emission ﬁlter. Physical parameters of the zones
containing young and maturing ﬁbers were measured in ﬁxed lens
slices using the software provided by Zeiss (Fig. 1A).
2.4. Lens microdissection and RNA extraction
Cells from elongating and maturing ﬁber regions were dissected out
using the Leica DMLA laser capture microscope (Leica Microsystems,
Bannockburn, IL). The cut-out pieces containing captured cells were
placed directly into tubes containing the lysis buﬀer supplied in the
Absolutely RNA nanoprep kit (Stratagene, La Jolla, CA) and total
RNA was extracted and puriﬁed using the Absolutely RNA nanoprep
kit according to the manufacturers protocol. Caps brieﬂy placed ontoTable 1
Primers used in RT-PCR analysis
Kpnb3 Forward GTGAATGTGGAGGAGGTCT
Reverse TCAGTCCACAATCCTCCAG
Ivns1abp Forward GGCTCTGATCCATATGGTC
Reverse CATCAAAGCCACCACCTAC
Pfkfb3 Forward TTGAATGTAGAATCGGTGAGC
Reverse CATCTCGGCTTTAGTGCTTC
Gadd45b Forward GGGGGATTTTGCAATCTTCT
Reverse CGGTGAGGCGATCCTGA
Srcasm Forward CGCCTCGAGTCACACATATG
Reverse TTTAGAGAGCTGGCCCTTTG
App Forward GACAAACATCAAGACGGAAG
Reverse TTCTGCTGCATCTTGGAGAG
Cd9 Forward TGGAGCAGTGGGTATCGGCATC
Reverse TAAATTGAACCCCCGGATCCCTC
Stx11 Forward GTTCGGGGTTGGCTGGAG
Reverse CTCTGCAAGCCGATCCTTC
Adam12 Forward ATAGGCATTGTGGGAAGGTC
Reverse CCGTCCCACAGCTTCAGTC
Crybb3 Forward GAGGCAGAAGTATCCCCAGA
Reverse GGAGGGACAGGAGAATGTCA
Actb Forward CACCCTGTGCTGCTCACC
Reverse GCACGATTTCCCTCTCAG
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Samples from several age-matched lenses were pooled together to ob-
tain diﬀerentiation-speciﬁc samples for microarray analysis.
2.5. RT-PCR
The quality of the extracted RNA was determined by RT-PCR using
primers for mouse b-actin and low copy genes (Table 1 and Fig. 2) and
MessageSensor RT Kit (Ambion, USA). Following conditions were
used for one step RT-PCR: initial reverse transcription for 30 min at
50 C, followed by Taq activation at 95 C for 15 min, followed by
40 cycles at 94 C, 45 s; 58 C, 45 s; 72 C, 1 min; and hold for 5 min
at 72 C.
2.6. RNA ampliﬁcation and labeling
Target RNA ampliﬁcation and labeling with Cy-3 or Cy-5 dyes from
CyDye Post-labeling Reactive Dye Pack (Amersham, USA) was car-
ried out in two rounds using the Amino Allyl MessageAmp aRNA
Kit (Ambion) as speciﬁed by the manufacturer. Quality and size distri-
bution of the targets were determined by the Agilent 2100 Bioanalyzer
(Agilent Technologies, USA). The Amino Allyl MessageAmp aRNA
Kit is conﬁgured to incorporate the modiﬁed nucleotide 5-(3-aminoal-
lyl)-UTP (aaUTP) into the aRNA during in vitro transcription. Once
puriﬁed and fragmented, the dye labeled aRNA was used for micro-
array hybridization.Table 2
Genes with elevated expression in the maturing ﬁbers
GenBank
Accession
Number
Gene product
AK034430 Latrophilin 2 (Lphn2)
NM_172615 RIKEN cDNA 1700021K19 gene (1700021K19Rik)
NM_008715 DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 26 (Ddx2
NM_023668 Nuclear distribution gene E-like homolog 1 (Ndel1)
AK077135 Myosin 18B (Myo18B)
NM_008655 Growth arrest and DNA-damage-inducible 45 b (Gadd45b)
NM_013863 Bcl2-associated athanogene 3 (Bag3)
NM_019957 Deoxyribonuclease II b (Dnase2b/Dlad)
NM_028733 Protein kinase C and casein kinase substrate in neurons 3 (P
AK017897 Syntaxin 11 (Stx11)
NM_145835 Lactase-like (Lctl)
AK032259 RIKEN cDNA 3110001E11 gene (3110001E11Rik)
NM_172275 FLN29 gene product (Fln29-pending)
NM_172641 RIKEN cDNA 9930023K05 gene (9930023K05Rik)
Fig. 2. The quality of the extracted RNA from elongating and
maturing zones in the lens was determined by RT-PCR using primers
for mouse Actb (b-actin), Gadd45b, App, Cd9, Srcasm.2.7. Array hybridization
Labeled and ampliﬁed RNA from three diﬀerent biological experi-
ments were hybridized to the 22K Mouse Oligo microarrays (Agilent
Technologies) according to the manufacturers instructions. For each
biological replicate we performed two technical subreplicates using a
dye-swap.
2.8. Image analysis and data processing
The microarrays were scanned at 10 lm resolution using a GenePix
4000A scanner (Axon Instruments at Molecular Devices) and the
resulting images were analyzed with the software package GenePix
Pro 5.1 (Axon Instruments at Molecular Devices). Data extracted from
the images were transferred to the software package Acuity 4.0 (Axon
Instruments) for normalization and statistical analysis. Each array was
normalized for signal intensities across the whole array and locally,
using Lowess normalization. For further analysis genes were selected
according to the following quality criteria: (1) at least 90% of the pixels
in the spot had intensity higher than background plus two standard
deviations; (2), there were less than 2% saturated pixels in the spot;
(3) signal to noise ratio (deﬁned as ratio of the background subtracted
mean pixel intensity to standard deviation of background) was 3 or
above for each channel; (4) the spot diameter was between 110 and
150 lm; (5) the regression coeﬃcient of ratios of pixel intensity was
0.6 or above. To identify signiﬁcantly expressed genes we used one-
class SAM (Signiﬁcant Analysis of Microarray, http://www-stat.stan-
ford.edu/~tibs/SAM) [26] analysis and NIA Array Analysis ANOVA
(http://lgsun.grc.nia.nih.gov/ANOVA) tool. The following criteria
were used: with SAM the FDR (False Discovery Rate) was less than
0.5% and the average fold change was greater than 2.0; for NIA AN-
OVA the FDR was less than 10%, Bayesian adjustment of error vari-
ance was implemented and mean error variance was calculated using a
sliding window of 1000 probes. NIA ANOVA software performs cal-
culation of the FDR values for individual genes; these values are in-
cluded into Tables 2 and 3. All primary microarray data are
available at the GEO web site (http://www.ncbi.nih.gov/geo/; series
GSE2083). Selected genes were classiﬁed according to Gene Ontology
category ‘‘biological process’’ using Onto-Express (http://vor-
tex.cs.wayne.edu/Projects.html) [27,28].
2.9. Veriﬁcation of microarray data
The microarray gene expression data were veriﬁed by quantitative
RT-PCR for a group of randomly selected genes (Tables 1 and 4).
cDNA was synthesized using the Message SensorTM RT Kit and
real-time RT-PCR was performed with gene speciﬁc primers usingExpression
ratio
FDR
(ANOVA)
Biological process
Signal transduction
2.46 0.00378
2.21 0.02717
6) 2.29 0.00284
Cytoskeleton organization
and biogenesis
2.09 0.03422
2.22 0.00032
Apoptosis
3.90 0
2.33 0.00304
2.85 0.00027
Endocytosis and exocitosis
acsin3) 2.05 0.04356
4.75 0
Metabolism
2.30 0.00235
Unknown
2.95 0
2.05 0.02598
2.45 0.00193
Table 3
Genes with lowered expression in the maturing ﬁbers
GenBank
Accession
Number
Gene product Expression
ratio
FDR
(ANOVA)
Biological process
Signal transduction
NM_009790 Calmodulin 1 (Calm1) 2.07 0.0478
NM_009861 Cell division cycle 42 homolog (S. cerevisiae) (Cdc42) 2.16 0.08763
NM_008760 Osteoglycin (Ogn) 2.24 0.00242
NM_010696 Lymphocyte cytosolic protein 2 (Lcp2) 2.45 0.02637
NM_054102 Inﬂuenza virus NS1A binding protein (Ivns1abp) 2.51 0.00029
NM_025618 Sorcin (Sri) 2.83 0.01369
NM_011239 RAN binding protein 1 (Ranbp1) 2.01 0.0193
Cytoskeleton organization
and biogenesis
NM_146243 ARP2 actin-related protein 2 homolog (yeast) (Actr2) 2.03 0.03162
NM_009510 Villin 2 (Vil2) 2.26 0.00538
NM_008538 Myristoylated alanine rich protein kinase C substrate (Marcks) 2.12 0.00818
NM_138744 Synovial sarcoma, X breakpoint 2 interacting protein (Ssx2ip) 2.29 0.00541
Development and cell
diﬀerentiation
NM_010825 Myeloid ecotropic viral integration site-related gene 1 (Mrg1/Meis2) 2.29 0.00539
NM_008885 Peripheral myelin protein (Pmp22) 2.36 0.03025
NM_011857 Odd Oz/10-m homolog 3 (Drosophila) (Odz3) 2.15 0.003
NM_021881 Quaking (Qk) 2.02 0.02641
Cell cycle
NM_019914 ALL1-fused gene from chromosome 1q (Af1q-pending) 2.11 0.01548
NM_146207 Cullin 4A (Cul4a) 2.65 0.00173
NM_015781 Nucleosome assembly protein 1-like 1 (Nap1l1) 2.82 0.00025
Transport
NM_178405 ATPase, Na+/K+ transporting, a2 polypeptide (Atp1a2) 2.08 0.00891
NM_023579 Karyopherin (importin) b3 (Kpnb3) 2.83 0
NM_020573 Oxysterol binding protein-like 1A (Osbpl1a) 2.10 0.0134
AK083630 Src activating and signaling molecule (Srcasm) 3.55 0
NM_009037 Reticulocalbin (Rcn) 2.50 0.0005
NM_013703 Very low density lipoprotein receptor (Vldlr) 2.10 0.03991
NM_013898 Translocase of inner mitochondrial membrane 8
homolog a (yeast) (Timm8a)
2.23 0.01784
Cell adhesion
NM_007664 Cadherin 2 (Cdh2) 3.74 0
BC034120 Vitrin (Vit) 2.08 0.00981
ECM
NM_009984 Cathepsin L (Ctsl) 2.79 0.00029
J04694 Procollagen, type IV, a1 (Col4a1) 2.12 0.06809
Regulation of transcription
NM_026003 SWI/SNF related, matrix associated, actin dependent regulator
of chromatin, subfamily a, member 2 (Smarca2)
3.95 0
BC043450 Zinc ﬁnger protein 198 (Zfp198) 2.53 0.00053
NM_024186 Single-stranded DNA binding protein 2 (Ssbp2) 2.07 0.03019
Metabolism
NM_145942 3-Hydroxy-3-methylglutaryl-coenzyme A synthase 1 (Hmgcs1) 2.34 0.0361
NM_019868 Heterogeneous nuclear ribonucleoprotein H2 (Hnrph2) 2.10 0.07653
NM_133232 6-Phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (Pfkfb3) 2.42 0.00097
NM_007933 Enolase 3, b muscle (Eno3) 2.19 0.01283
NM_145360 Isopentenyl-diphosphate d isomerase (Idi1) 2.55 0.00033
NM_025573 Splicing factor, arginine/serine rich 9 (Sfrs9) 2.09 0.00778
NM_053188 Steroid 5a-reductase 2 (Srd5a2) 3.32 0.00274
Unknown
NM_012056 FK506 binding protein 9 (Fkbp9) 2.59 0.00778
NM_026618 DNA segment, Chr 11, ERATO Doi 99, expressed (D11Ertd99e) 2.05 0.04342
NM_053194 Expressed sequence AI114950 (AI114950) 2.71 0.00887
AK029831 RIKEN cDNA 6620401M08 gene (6620401M08Rik) 2.86 0.0009
AK011900 RIKEN cDNA 2610206D03 gene (2610206D03Rik) 2.36 0.00928
NM_144846 RIKEN cDNA 0910001A06 gene (0910001A06Rik) 2.04 0.018
NM_016809 RNA binding motif protein 3 (Rbm3) 2.62 0.00016
AA755091 RIKEN cDNA 1190005I06 gene (1190005I06Rik) 2.06 0.01361
NM_023215 RIKEN cDNA 2500003M10 gene (2500003M10Rik) 2.10 0.00407
NM_172779 RIKEN cDNA 6330505F04 gene (6330505F04Rik) 2.55 0.00035
AK048051 RIKEN cDNA 1810011E08 gene (1810011E08Rik) 2.25 0.01065
BC008232 Mus musculus, clone IMAGE:2647796, mRNA 2.41 0.00105
Note: ‘‘minus’’ sign in expression ratio column is used solely to indicate the decrease in expression level.
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Table 4
Validation of microarray data for randomly selected genes by
quantitative RT-PCR
Real time
RT-PCR
(expression ratio)
Array
(expression ratio)
Conﬁrmed by
real-time PCR
Kpnb3 3.5 2.83 Yes
Ivns1abp 2.4 2.51 Yes
Pfkfb3 10.4 2.42 Yes
Srcasm 5.1 3.55 Yes
Gadd45b 2.6 3.90 Yes
Stx11 2.2 4.75 Yes
Adam12a 1.2 1.14 Yes
Crybb3a 1.0 1.22 Yes
Cd9b 3.0 5.56 Yes
aTwo genes with less then 2-fold change were tested for the false
negative signals.
bThe gene with more then 2-fold change in expression detected in two
out of three experiments.
Note: ‘‘minus’’ sign in expression ratio column is used solely to indicate
the decrease in expression level.
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Bio-Rad I-Cycler. The PCR conditions were as follows: 95 C,
15 min; 45 cycles at 94 C, 30 s; 58 C, 30 s; 72 C, 1 min. The mea-
sured transcript abundance was normalized to the level of Actb (b-ac-
tin) for all samples. The size of the ampliﬁed PCR product was
conﬁrmed by gel electrophoresis.3. Results and discussion
To characterize changes associated with the shift from elon-
gation to maturation that precede organelle loss in lens ﬁber
cells, we used the TgN(GFPU)5Nagy mouse strain to permit
diﬀerentiation-speciﬁc staging of lens ﬁber cells in vivo. This
strain exhibits a mosaic GFP expression pattern in many tis-
sues, including lens, most likely due to position eﬀect variega-
tion phenomenon [23]. The lenses of TgN(GFPU)5Nagy mice
exhibit contrasting GFP labeling patterns in young, superﬁcial
ﬁbers, compared with older, maturing ﬁbers: a superﬁcial layer
of young cells retains the mosaic (variegated) GFP expression
pattern while the maturing ﬁbers become uniformly ﬂuorescent
(Fig. 1A). As shown previously, an abrupt change from mosaic
into the uniformly labeled ﬁber mass occurs when cells reach a
speciﬁc diﬀerentiation stage and connect to the core syncytium
[23]. At this stage elongation is accomplished and maturation
begins. In this work we used the well-deﬁned border of the syn-
cytium as a marker separating young elongating ﬁber cells
from a cohort of cells in which the maturation process leading
to organelle degradation and quiescence has been initiated.
Microscopic visualization allowed us to microdissect zones
containing sub-populations of elongating and maturing ﬁbers,
enabling us to characterize the gene expression proﬁle of cell at
a discrete stage of diﬀerentiation.
We microdissected young and maturing ﬁbers as follows: (1)
young ﬁbers containing only variegated ﬁbers located outside
(at least 30 lm or six cell layers away from the border) of
the uniformly labeled syncytium; (2) maturing ﬁbers contain-
ing uniformly labeled (syncytial) ﬁbers located internally to
the young ones (Fig. 1A). We reasoned that variegated ﬁbers
from the border of the syncytium should be included into
‘‘maturing ﬁber’’ sample in order to detect potential early tran-
scription of genes responsible for ﬁber maturation and syncy-
tium formation. Therefore, in a typical experiment we shiftedborders of the dissected zones six cell layers or 30 lm (approx-
imately one ‘‘diﬀerentiation day’’ of the mouse lens) closer to
the lens surface (Fig. 1A). We used LCM, a technology capa-
ble of precise, RNA-safe microdissection at a single-cell resolu-
tion to prepare samples of the ﬁxed tissue and extract high
quality RNA for ampliﬁcation and labeling. A minimum gap
of 10 lm was used between the two dissected regions to avoid
overlap and contamination between the subpopulations of
sampled cells. One lens from each animal was used for LCM
microdissection and RNA extraction; the lens from the contra-
lateral eye was used to deﬁne the position of the GFP border
by microscopy (Fig. 1A and B).
The high quality mRNA extracted from LCM microdis-
sected lens tissue ensured successful ampliﬁcation, labeling
and reproducibility of microarray proﬁles. Linear RNA ampli-
ﬁcation of the samples used a T7-RNA polymerase-based tech-
nique, which is widely used for labeling of the low-yield RNA
samples recently [19,20]. Despite concerns raised about possi-
ble alteration in the original transcript abundance during the
ampliﬁcation steps, recent studies showed that the ratios of
gene expression levels in similarly ampliﬁed samples remained
intact [29–31]. The results of qPCR veriﬁcation of our micro-
array data fully support these conclusions and thus assessment
of diﬀerential gene expression using RNA ampliﬁcation can be
performed with a high degree of conﬁdence. Microarray data
from three independent biological experiments were analyzed
using the NIA ANOVA tool and SAM software to determine
signiﬁcantly diﬀerentially expressed genes. Genes that met the
criteria (see Section 2) set for both methods and showed
expression diﬀerences exceeding 2-fold are presented in Tables
2 and 3. We found that 65 genes were diﬀerentially expressed in
excess of 2-fold in the maturing ﬁbers cells compared with
young elongating ﬁbers. About 25% of genes were activated
in maturing ﬁbers; 75% were downregulated. Diﬀerential
expression was veriﬁed for a group of randomly selected genes
using quantitative RT-PCR (Table 4).
The diﬀerentiation of lens ﬁber cells involves extensive met-
abolic, morphologic and functional changes [32]. Because the
lens is an avascular tissue, metabolic activity gradually de-
creases in ﬁbers that became buried inside the tissue and lose
direct exposure to the nutritious ocular humors. These gradual
changes should be reﬂected as diﬀerences between the two
transcriptional proﬁles we obtained in this study. Indeed, the
expression of many genes encoding metabolic enzymes was de-
creased in the buried, maturing ﬁbers (Table 3).
In contrast to gradual changes in metabolism-related genes,
ﬁber maturation implies turning on a speciﬁc group of path-
ways for cell remodeling. It is now widely appreciated that ﬁ-
ber cell diﬀerentiation utilizes components of the apoptotic
machinery (including caspases 3, 6 and 8) while controlling
the extent of apoptosis with anti-apoptotic proteins [33–37].
Despite a well-documented activity of apoptotic proteases in
the developing lens [4,5], transcriptional activation of the cor-
responding genes is not necessarily correlated with cell diﬀer-
entiation in time (Bassnett, personal communication). This
discrepancy can be explained by the fact that major apoptotic
‘‘eﬀector’’ proteases are activated post-translationally via enzy-
matic cleavage of inactive pro-proteins rather then at the tran-
scriptional level [38,39]. The microarray analysis revealed
several classes of apoptosis-related genes that were activated
transcriptionally during ﬁber maturation (Table 2). For exam-
ple, expression of Gadd45b, the upstream activator of p38 in
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fold) in maturing ﬁbers. Additionally, Dlad expression was ele-
vated 2.85-fold in maturing ﬁbers, reﬂecting transcriptional
activation of this pathway prior to the start of organelle loss.
DLAD (DNase II-like acid DNase, also called DNase IIbeta)
is responsible for the degradation of nuclear DNA in apoptosis
and during lens cell diﬀerentiation [5,34]; alteration of this pro-
cess causes nuclear cataract [41,42]. Further, expression of the
co-chaperone transcript Bag3 was elevated in the maturing ﬁ-
bers. Bag3 participates in apoptosis regulation by interacting
with several apoptosis-modulating factors. Bag3 overexpres-
sion has been shown to inhibit apoptosis induced via Bax or
Fas pathways in the HeLa cell line [43] and by IL-3 depriva-
tion in the murine hematopoietic cell line 32D [44]. At the same
time, BAG3 downregulation enhanced the apoptotic response
to chemotherapy in human primary B chronic lymphocytic
leukemia cells [45]. Our data conﬁrm previous reports that
the balance of speciﬁc pro- and anti-apoptotic signals modu-
lates lens ﬁber maturation and identiﬁes potential mediators
of apoptosis in the developing lens.
During lens ﬁber maturation, the protein-permeable inter-
cellular communication pathway is initiated, leading to the
formation of a true syncytium in the lens core [6,7]. This
developmentally regulated pathway is likely facilitated by
cell–cell fusions. [6]. Cell–cell fusions, which utilize molecular
machinery distinct from the SNARE-regulated fusion of ves-
icles, are the focus of numerous studies as they are also inti-
mately involved in forming developmental syncytia in
gametes, osteoclasts, macrophages, placenta trophoblasts
and skeletal muscle [46]. We examined our data for the evi-
dence of transcriptional activation of previously identiﬁed as
well as potential fusogenic proteins that may be implicated
in lens syncytium formation. Unexpectedly, our data did
not show transcriptional activation of the potentially ‘‘fuso-
genic’’ genes ITGNB1, MFR, CD47 and Adam12 in the
maturing ﬁbers. However, the CD9 and Pacsin3 both showed
2-fold increased expression (Tables 2 and 4). CD9 has been
demonstrated to play a critical role in regulating myoblast
and gamete fusion [47,48] and Pacsin3 is known to bind
and activate potentially fusogenic Adam12, implicated in fu-
sion of myoblasts and osteoclasts [49]. These data suggest that
a CD9-mediated fusion pathway is active in the lens and that
Adam12 activity may also be involved in this process via Pac-
sin3 but that it may be regulated at the post-translational
level.
An intriguing feature of maturing lens ﬁbers is the large up-
regulation of the Stx11 gene (4.75-fold), a member of the
SNARE family. SNAREs are small coiled-coil proteins re-
quired for speciﬁc membrane fusion events and are associated
with secretory and endocytic pathways in eukaryotic cells [50].
Despite their previous implication only in vesicle fusion, a re-
cent study raised the theoretical possibility that Stx11 facili-
tates plasma membrane fusion [51]. Alternatively, maturing
ﬁbers might activate Stx11-mediated secretory pathways upon
physical disconnection from the awashing ocular humors at
the end of the elongation phase. In conclusion, the described
changes in the gene expression proﬁles in this study reﬂected
a shift in cell physiology, characteristic of the beginning of ﬁ-
ber maturation process. Our analysis suggests that genes previ-
ously shown to be implicated cell fusion are likely to be
regulated post-translationally in the lens and have identiﬁed
potentially novel players in syncytium-forming pathways.Future work will deﬁne the role of these genes in the develop-
ing lens.
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